The first results are reported with a magnetic suspension instrument for determination of the viscosity and density concurrently on small volumes (0.2 ml) of protein solution. Reasonable agreement was obtained with literature values for the intrinsic viscosities and specific volumes (partial or isopotential) of serum albumin and ribonuclease in native solvents, and in 6 M guanidinium chloride with 'or without 2-mercaptoethanol. Turnip Yellow Mosaic virus and myosin were also studied, the results with the virus being related to hydration and structure data and those with myosin to the dissociative character of the protein. The possibility of using this approach to follow the time course of viscosity and density changes during reactions is shown.
The feasibility of determining the density on small volumes (<0.3 ml) of protein solution accurately and rapidly by the magnetic suspension principle has been described in detail elsewhere (1) (2) (3) (4) (5) (6) . The principal feature of this method lies in stably balancing a small buoy or float, containing a soft ferromagnetic core, at a reproducible position within the solution by feedback control circuitry. At a fixed height in the column of solution (i.e., a given vertical distance from a solenoid) the total magnetic force is the difference between the opposing forces of gravity and buoyancy. In practice, the magnetic force is given in terms of the electric current to a solenoid, and this current is a function of the density of the liquid. With appropriate standard solutions, the instrument can be calibrated to yield a standard curve of the current, in terms of voltage, versus the density, so that the volume and mass of a buoy need not be determined. When the temperature is held constant within ±0.010 and care is taken to prevent bubbles from collecting on the buoy, the measurements are conveniently performed to give a rountine, overall precision of better than 4 5 ,Ag/ml in the density of aqueous solutions. The magnetic method readily lends itself to variation of the temperature, pressure (7) , and masses of the components and to the monitoring of systems undergoing change.
Recently, an attempt has been made to increase the versatility of the magnetic suspension approach to include evaluation of the viscosity (8) . By the use of remote drive coils situated around the solution cell (to provide a rapidly rotating magnetic field), a sufficiently constant torque on the suspended buoy can be applied with negligible heating. At slow rotations (e.g., 100 sec/rev), it was observed that the time per revolution is directly proportional to the relative viscosity of standard Newtonian solutions, such as mixtures of H20-D20. For this purpose, the buoy is shaped in the form of a smooth cylinder. Since the height of the buoy in the solution remains constant during the rotation, by virtue of the controlled solenoid, the density can be determined at the same time. Hence, it becomes possible to make measurements relating to both the hydrodynamic and partial volume properties of a macromolecule simultaneously on the same small sample.
The intrinsic viscosity, [X] Burke and Harrington (9) .
EXPERIMENTAL
The magnetic visco-densimeter used for these experiments was described (8 Protein solutions for the visco-densimeter were prepared as follows: Solutions of ribonuclease-A (RNase) were made up by adding together known weights of the components on the analytical balance (see below), in order to determine the partial specific volume, v, for comparison purposes. A water solution of RNase of known composition based on dry weight analysis was added to a weight of KCl or guanidinium chloride (GuCl) on the balance in such proportions that the water and salt bore the same weight ratio to that in the corresponding solvent. Dilutions of the protein-water-salt stock solution were prepared by weighing together aliquots of the salt with aliquots of the solvent. Hence, only the mass of the anhydrous, isoionic protein component was varied in a concentration series. The concentration, c, (in g/ml) of each diluted solution was calculated by multiplying the weight fraction of RNase with the observed density. All other protein solutions were prepared by dialysis and diluted with dialyzate. Hence, only the isopotential specific volumes, v,l, (6) were obtainable, which values may not correspond closely with the thermodynamically defined partial specific volumes of these proteins in the two-component (or more) solvents chosen. Where 2-mercaptoethanol was added, the amount was comparatively small, so that volume additions to both protein (10) . Dilutions for the absorption measurements were made by weight with water on the analytical balance, and these weight concentrations were then converted into grams per unit volume ("c" scale) by use of the observed density of the stock protein solution and the value 0.998234 g/ml (11) for the density of water at 200. Bovine serum albumin (albumin) was supplied by Armour and Co. (Type F, essentially fatty-acid free). This product was similarly deionized, freezed-dried, and filtered after it was dissolved in water. The pH of the deionized albumin-water stock solutions was 5.1 (5.6 in 0.15 M KCl), compared with a pH of 6.1 for the undeionized material in water. Concentrations were estimated by light absorption in the manner described for RNase, but an extinction coefficient of 0.667 ml/mg was used at the 278.5-nm maximum (12) . TYMV was isolated (13) (1-cm path, 200 ). An extinction coefficient of 8.5 ml/mg was applied, in conjunction with a correction for scattering determined empirically from dry weight analyses. The scatter correction that corresponded most precisely with the dry weights was (A320-A400) (320/261.5)2; this result was substracted from the total absorbance. Rabbit muscle myosin was a gift from Dr. S. solution and solvent were made via gas-tight syringes; e.g., (albumin-GuCl-2-mercaptoethanol), 3 .52 (RNase-KCl), 11.6 (RNase-GuCl), 18.7 (RNase-GuCl-2-mercaptoethanol). ratory, Philadelphia, Pa.). The myosin was extracted (14) from Longissimus dorsi muscle, purified twice by dilution precipitation, and then passed through a column of cellulose phosphate (15) . The myosin fraction of the column effluent was further precipitated by dilution, redissolved, and then chromatographed on hydroxapatite (16) . The major component associated with ATPase activity was used for this study. These protein solutions were maintained at 0°and were used within 2 weeks after the final chromatography. Just prior to use, the solutions were centrifuged at 58,000 X g for 45 min and filtered. Concentrations were determined by the absorbance at 278 nm, corrected for scattering (17) ; an extinction coefficient of 0.497 ml/mg in 0.6 M KCl (determined by dry weight analysis on weighed aliquots of myosin-water suspensions to which known amounts of KCl were added in order to solubilize the myosin) was used. Dilutions were made with a similar final concentration of KCl (0.6 M) of known density. The myosin solutions for the visco-densimeter were prepared from weighed portions of a dialyzed and filtered stock solution and of dialyzate containing either 0.6 M KCl-1 mM dithiothreitol, pH 7.2, or 0.5 M KCl-0.2 M (K)PO4-2 mM EDTA, pH 7.15.
RESULTS
In Fig. 1 are shown viscosity data on isoionic albumin and RNase in native and denaturing solvents, and in denaturant plus the disulfide cleaving agent, 2-mercaptoethanol. For the albumin preparation the value of [X7] (4.13 ml/g) in dilute KCl is somewhat higher than the lowest values reported, but is lower than several others (3.7-4.9 ml/g) (18) . Apparently, these discrepancies reflect differences in the preparations, as has been proposed by Tanford and Buzzell (18 4.14-4.20 ml/g). By velocity sedimentation, our preparation exhibited a somewhat broader leading than trailing edge near the base line in the schlieren patterns, suggestive of the presence of some material heavier than the principal species. Isoionic RNase in either 0.15 or 1.50 M KCI, repeatedly yielded intrinsic values close to 3.50 ml/g (±0.02), which is marginally higher than the average figure of 3.30 ml/g reported by Buzzell and Tanford (19) . The discrepancy may be a result of the different procedures used to assess the dry weight and/or possibly to differences in purity. Both of these proteins exhibited some variability in the values of [v] in 6 M GuCl, a point discussed by Tanford et al., (20) . During a given set of measurements, a good extrapolation to c = 0 could be obtained (Fig. 1) . The ferent from v, which is about 0.735 ml/g according to the most accurate work noted (10). Fig. 2 shows a result with the isometric virus TYMV. The value of 4.18 ml/g found for [v] is similar to that (4.0 ml/g) reported by Schachman (22) for another isometric virus (Bushy Stunt) of somewhat higher anhydrous molecular weight, but compares unfavorably with the value of 6.35 ml/g for Southern Bean Mosaic virus determined by Miller and Price (23) . The latter virus is also thought to be a regular polyhedron (but, see ref. 24 ) having a molecular weight slightly greater than that of TYMV. Miller and Price, however, noted a substantial disagreement between the total hydration values calculated via their value of [ti] assuming spherical dimensions and that obtained from sedimentation rates in sucrose media (1.07 against 0.76 g H20/g dry virus, respectively). Aside from making comparisons with literature values, it was of interest to consider TYMV as a model particle. This virus is described as a stellated icosahedron (25) in its broad detail (5.5 X 106 daltons), and should nearly approximate the hydrodynamic behavior of a sphere except for surface hydration. When a value of 14.5 nm is used as the maximum radius of the particle (i.e., the effective x-ray scattering radius of the protein subunit protuberances) (26), a volume of 12.77 X 10-18 cm3 is enclosed in a sphere whose surface touches the extremities of the particle. (Note: half the interparticle distance in the crystal is 15 nm, but this probably includes external hydration.) The volume of these spheres per gram of dry virus is 1.398 cm3. The apparent hydrodynamic volume, however, is 1.672 ml/g dry virus, obtained by dividing 4.18 ml/g, the observed value of [X1], by 2.5, the viscosity increment for a hard sphere. Hence, surface hydration of the particle amounts to 0.274 ml/g (1.672-1.398 ml/g), assuming that the unhydrated polyhedron contributes to the viscosity identically as a hard sphere of 14.5-nm radius. The values for the total apparent hydration deduced from equilibrium dialysis and density (our unpublished results) and by velocity sedimentation (27) range from 0.68 to 0.71 g H20/g dry virus. If surface hydration is 0.274 ml/g, the interior solvent space by difference from an average of 0.70 ml of total water (p = 1.0 g/ml) per gram of dry virus is 0.426 ml/g. When the latter value is coupled with the molecular weight and the anhydrous specific volume (0.665 ml/g, see below), into terms of a vol- ume-equivalent sphere, a radius of 13.35 nm is obtained. Allowing for the fact that the volume of the polyhedral virus must be substantially less than that of a sphere defined by the maximum observed radius, the radius of the volumeequivalent sphere should be moderately less than the maximum one. Interestingly, a model based on x-ray diffraction suggests an inner radius of about 10.5 nm as the sphericallyaveraged uniform density approximation of the protein shell or capsid (26) . An interior sphere composed of 0.426 ml of H20 per gram of dry virus has a very similar radius (10.37 nm per particle). (The RNA is thought to be interwoven with the protein subunits of the capsid, and is not segregated as a distinct entity in the interior.) It is easily shown, of course, that all of these derived dimensions and the surface hydration value depend heavily on the figure chosen for the maximum radius of the sphere enclosing the TYMV particle. We merely point out that our intrinsic viscosity result is realistic with respect to current information on this virus.
An isopotential specific volume of 0.665 ml/g (25°) was determined during this study with the visco-densimeter. This value compares with an earlier result of 0.661 ml/g at 20°(28); it is probably equivalent to the anhydrous specific volume at these relatively low-salt concentrations.
As noted at the outset, the experiments with myosin generally showed more aggregation than that of a simple monomer-dimer system. The data taken between 2 and 20 mg/ml exhibited an upward curvature in the plots of 78,p/c versus c.
Between 0.2 and 2.0 mg/ml, linear segments were obtained. Below 0.2 mg/ml (to 0.04 mg/ml), a downward curvature was clearly evident in all experiments. The latter behavior is consistent with the recent suggestion of Burke and Harrington (9) dilute solution and the solvent.) A more detailed account of myosin, to include preferential interaction by density, is in preparation. Fig. 3 is a representative time study with albumin in 6 M GuCl after the addition of 2-mercaptoethanol (0.1 M). The relative viscosity was determined after one or more complete revolutions of the buoy (various means could be used in order to measure less arc per unit of time). The curve is not particularly smooth, but this feature has been characteristic of all the albumin experiments. RNase, on the other hand, exhibited a much smoother curve, although considerably lower concentrations of 2-mercaptoethanol were required in order to avoid a very steep rise with time (e.g., the maximum viscosity was achieved within about 5 min after the addition of only 12 mM 2-mercaptoethanol). In general, the time to reach the maximum viscosity with albumin in 6 M GuCl after addition of 0.1 M 2-mercaptoethanol was roughly proportional to the concentration of the protein from 3 to 20 mg/ml. The overall increase in density, after the initial increase from the added 2-mercaptoethanol, was very small (about 5 X 10-5 g/ml, or about -0.005 ml/g in v), but the interval for this change .appears to correspond approximately with that for the viscosity change. The precision of the density changes, as noted before, is poorer with the present visco-densimeter than it need be. The initial increase in the density (about 14 X 10-5 g/ml) upon the addition of 2-mercaptoethanol is about the same increment as seen on a similar addition to the 6 M GuCl solvent, whereas the increase in the specific viscosity on adding 2-mercaptoethanol to the protein-free solvent was only 0.0044, or relatively trivial.
In conclusion, the simultaneous measurements effected via magnetic suspension make possible the accurate and rapid determination of the viscosity increment, [n ]/V, a dimensionless constant reflecting both the hydrodynamic and thermodynamic volumes of a dissolved macromolecule (or for the determination of [ ]/v,,, which in combination with v leads to an increment in which any excess solvent component relative to dialyzate is included with the macromolecule). For kinetic studies, it may be noted that changes in both 7,8p/c and the apparent specific volume during a process are often so small that independent determination of the change in these quantities could not be expected to yield an accurate index of their changes at a given point in the history of the reaction. As a viscometer alone, the visco-densimeter appears to be as potentially accurate and free of the classic disadvantages of a rotational system as other recent models [for adaptations of remote drive on the inner cylinder, see also (29) (30) (31) (32) ]. The present instrument incorporates the shear stress capabilities of these other instruments, along with self-centering of a completely submersed inner rotor, which may be used for all liquids within a density range of 0.4 g/ml without interchanging. By virtue of the torque control, this approach should be suitable for the study of mechanically unstable, large macromolecules and for retardation experiments after the cessation of shear stress, while still being convenient and economical for routine viscosity studies on proteins.
NOTE ADDED IN PROOF 20-Fold weight dilutions of the albumin-GuCl solutions as used for concentration analyses were, at most, only 1% lower in specific absorbance than albumin-water solutions.
